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Abstract
For an energy production optimization with a photovoltaic global system, a fundamental need is the knowledge of the
global solar irradiation at different Algerian locations (Algiers, Oran, Bechar and Tamanrasset) using available
climatological measured data. Different expressions relating the global solar irradiation to the calculated 
extraterrestrial global irradiation, measured sunshine duration and temperature at these locations are dealt with. These
include the well-known Angström-Prescott linear regression, the logarithmic and the exponential relationships.
Accordingly, several other models have also been tested to choose the more suitable for each location.
The present work applied these considerations in the objective to optimize the production efficiency of photovoltaic
energy using available data of the global solar irradiation. The modeled results are compared to the measured ones
using statistical parameters tests such as the mean bias error (MBE), the mean absolute error (MAE), the root mean 
square error (RMSE) and the coefficient of determination (R2). The agreement between the measured and the
computed values is remarkable and the models are recommended to predict the mean monthly global solar irradiation 
in Algeria and any location of the same climatic characteristics.
© 2013 The Authors. Published by Elsevi
Selection and/or peer-review under responsibility of the TerraGreen Academy.
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1. Introduction
Solar energy is one of the most important energy sources. Knowledge of solar radiation distribution at 
a particular site is essential in the design and study of many solar energy applications. Unfortunately, for 
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many developing countries like Algeria, solar radiation measurements are not easily available due to the 
cost, maintenance and calibration requirements of the measuring equipment. Therefore, it is very 
important to elaborate methods based on quickly available meteorological data to estimate solar radiation. 
Several empirical models have been developed to calculate global solar radiation using various 
parameters, as extraterrestrial radiation, sunshine hours, albedo, temperature, relative humidity and total 
precipitable water, number of rainy days, altitude and latitude. 
Algeria is a high insolation country; the number of sunshine hours amounts is approximately 3300h 
per year. The climate is largely favorable for solar energy exploitation but the distribution of the solar 
radiation is not perfectly known.The main objective of this work is to compare the results obtained by 
application of some models that predict the monthly average daily global radiation on a horizontal surface 
versus measured data for different sites over Algeria; consequently, the most accurate models are 
selected. 
2- Models used 
In the present work, data of monthly mean of daily global solar radiation and sunshine duration from 
four Algerian meteorological stations (Algiers, Oran, Bechar and Tamanrasset) are used [1]. The 
geographical locations of stations are presented in table 1. The duration of records of sunshine duration, 
air temperature and relative humidity is 25 years and of global solar radiation is approximately 10 years.  
                                                    Table1. Geographical locations of stations 
Location Latitude (°) N Altitude (m) Longitude (°) 
Algiers 36.43 25 3.15  E 
Oran 35.38 99 0.37 W 
Bechar 31.38 806 2.15 W 
Tamanrasset 22.47 1378 5.31 E 
 
2.1. Angstrom–Prescott model (model 1) 
Angstrom–Prescott model [2, 3] is the most generally used model it correlates the clearness index 
(G/G0) as. 
Where (G) is the monthly average daily global solar radiation, (G0) is the monthly average daily 
extraterrestrial radiation, (S) is the sunshine duration, (S0) is the maximum possible sunshine duration, (a) 
and (b) are empirical coefficients, (G0) was calculated from the following equation [4]. 
Where (Ics) is the solar constant (1367Wm-2), (n) is the day number (starting from 1 January) and the 
parameter (Z) is given by the following equation. 
(L) is the latitude of the site; )(G  is the sun declination and )(w is the hour angle. 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ  (1) 
ܩ଴ ൌ ʹͶܫ௖௦ ߨሺͳ ൅ ͲǤͲͲ͵͵  ሺ͵͸Ͳ݊ ͵͸ͷሻΤ ሻΤ ܼ (2) 
ܼ ൌ ሺ ܮ  ߜ ߱ ൅ ሺߨ ͳͺͲΤ ሻ߱  ܮ  ߜ (3) 
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2.2. Non-linear equation models 
Polynomial types of non-linear models are proposed in solar energy literature [2, 3]. Most of these 
non-linear solar irradiation estimation models are defined as the modifications of the Angström 
expression. 
2.2.1. Second order correlation (model 2) 
The ratio of global solar radiation to extraterrestrial radiation (G/G0) was expressed by a function of 
the ratio of sunshine duration (S/S0) [2, 3, 5-8] as follows.  
2.2.2. Third order correlation (model 3) 
The following third order Angström type correlation has been proposed by different authors [5, 6, 9]  
2.2.3. Logarithmic and exponential models 
The following correlations have been also proposed by different authors [5, 7] 
2.2.3.1. Logarithmic model (model 4) 
The ratio of global solar radiation to extraterrestrial radiation was proposed as a logarithmic function 
of sunshine duration as follows. 
2.2.3.2. Exponential model (model 5) 
In this model (G/G0) was correlated with (S/S0) in the form of an exponential function as. 
2.2.4. Other correlations  
A number of nonlinear regression equations were developed to predict the relationship between global 
solar radiation using combinations of several measured climatic parameters as the mean temperature, the 
relative humidity and the relative sunshine duration [6, 10]. 
2.2.4.1. Correlation with sunshine duration and temperature (Model 6) 
In this model a combination of sunshine duration and mean monthly temperature was used as follows.  
Where (T) is the mean monthly temperature and (Tmax) is the maximum of the mean monthly 
temperature. 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ ൅ ܿሺܵ ܵΤ ଴)2 (4) 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ ൅ ܿሺܵ ܵΤ ଴)2൅݀ሺܵ ܵΤ ଴ ሻ3 (5) 
ܩ ܩ଴ ൌ ܽ ൅ ܾܮ݊ሺܵ ܵ଴ΤΤ ሻ (6) 
ܩ ܩ଴ ൌ ܽ ൅ ܾ݁ݔ݌ሺܵ ܵ଴ΤΤ ሻ (7) 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ ൅ ܿሺܶ ௠ܶ௔௫Τ ሻ (8) 
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2.2.4.2. Correlation with sunshine duration and humidity (Model 7) 
In this model a linear correlation combination of sunshine duration and mean relative humidity was 
used as.  
Where (RH) is the mean relative humidity. 
2.2.4.3. Correlation with sunshine duration, temperature and humidity (Model 8) 
In this model a combination of three measured parameters, sunshine duration, mean monthly 
temperature and mean relative humidity was used in a   correlation as the following equation. 
  a, b, c and d  are site constants determined by means of  a least squares method. 
3- Application and discussion 
 The monthly averages data for the four stations processed for the correlations are presented in Table  2 
and Table  3. 
                Table 2. Monthly average measured data for Algiers and Bechar 
Algiers Bechar 
Month G/G0 S/S0 T (°C) RH G/G0 S/S0 T(°C) RH 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0.452 
0.479 
0.512 
0.497 
0.542 
0.533 
0.624 
0.618 
0.591 
0.524 
0.529 
0.465 
0.48 
0.56 
0.60 
0.61 
0.71 
0.71 
0.78 
0.80 
0.74 
0.62 
0.51 
0.49 
16.6 
17.6 
18.8 
20.7 
23.7 
27.7 
31.2 
32.1 
29.6 
25.7 
21.3 
17.7 
0.764 
0.779 
0.763 
0.746 
0.743 
0.7 
0.685 
0.688 
0.700 
0.725 
0.747 
0.771 
0.706 
0.684 
0.708 
0.672 
0.650 
0.685 
0.661 
0.650 
0.672 
0.690 
0.679 
0.729 
0.78 
0.80 
0.84 
0.84 
0.82 
0.83 
0.84 
0.83 
0.82 
0.80 
0.77 
0.76 
15.53 
18.53 
21.83 
25.71 
30.4 
36.17 
39.61 
39.07 
34.1 
27.28 
20.93 
16.56 
0.479 
0.4 
0.326 
0.259 
0.221 
0.165 
0.115 
0.141 
0.229 
0.351 
0.455 
0.51 
The accuracy of the considered models was tested by calculating the mean bias error (MBE), the mean 
absolute error (MAE), the root mean square error (RMSE) and the coefficient of determination (R2). 
The relative percentage error is defined as: 
Ycal  and  Ymes  are the ith   calculated and measured values  of global solar radiation. 
 
 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ ൅ ܿሺܴܪሻ (9) 
ܩ ܩ଴ ൌ ܽ ൅ ܾሺܵ ܵ଴ΤΤ ሻ ൅ ܿሺܶ ௠ܶ௔௫Τ ሻ ൅ ݀ሺܴܪሻ (10) 
݁௜ୀሺ ௠ܻ௘௦ െ ௖ܻ௔௟ሻ ൈ ͳͲͲ ௠ܻ௘௦Τ  (11) 
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                Table 3. Monthly average measured data for Oran and Tamanrasset 
 
 
 
 
 
Statistical parameters are given by the following relations. 
ܯܤܧ ൌ ͳ݉෍݁௜
௠
ଵ
 
 
ܯܣܧ ൌ ͳ݉෍ȁ݁௜ȁ
௠
ଵ
 
 
ܴܯܵܧ ൌ ൭ͳ݉෍݁௜
ଶ
௠
ଵ
൱
ଶ
 
(12) 
ܴଶ ൌ ͳ െ ሺσ ݁௜ଶ௠ଵ σ ሺ ௜ܻ௠ െ തܻሻଶሻ௠ଵΤ  with തܻ ൌ ͳ ݉ሺσ ௠ܻ௘௦௠ଵ ሻΤ   
m is the number of measurements.  
The following tables contain summaries of results, obtained from the application of all models to the 
four stations. It is clear that statistical parameters, R2, MBE, MAE and RMSE vary from one model to 
another. Generally, coefficients of determination (0.91-0.99) is high for all the models, in another hand 
the pair (MBE, RMSE) vary respectively in the intervals [-0.04,-0.25] and [1.91, 4.88]. This implies that, 
there are statistical significant relationships between the clearness index, relative sunshine duration, 
relative humidity and the monthly average daily temperature. 
                                 Table 4. Models’ constants for Algiers and Oran 
 Algiers  Oran 
 a b c d a b c d 
Model 1 0.244 0.451   0.239 0.538   
Model 2 0.709 -1.052 1.181  -0.273 2.146 -1.235  
Model 3 -1.459 9.506 -15.672 8.825 -1.061 5.806 -6.819 2.804 
Model 4 0.661 0.277   0.743 0.349   
Model 5 0.075 0.240   0.055 0.277   
Model 6 0.282 0.127 0.227  0.225 0.614 -0.048  
Model 7 0.916 0.256 -0.746  0.546 0.410 -0.312  
Model 8 -0.526 0.082 0.431 0.936 0.606 0.532 -0.100 -0.402 
 
                      
 
Oran Tamanrasset 
Month G/G0 S/S0 T °C RH G/G0 S/S0 T °C RH 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0.517 
0.547 
0.628 
0.593 
0.577 
0.649 
0.654 
0.649 
0.652 
0.565 
0.519 
0.483 
0.53 
0.53 
0.64 
0.63 
0.69 
0.69 
0.80 
0.79 
0.72 
0.66 
0.53 
0.53 
16.6 
17.65 
19.56 
21.3 
24.24 
27.34 
30.31 
31.58 
28.3 
24.47 
20.36 
17.43 
0.780 
0.772 
0.739 
0.691 
0.684 
0.666 
0.671 
0.662 
0.700 
0.719 
0..745 
0.787 
0.712 
0.751 
0.665 
0.747 
0.655 
0.653 
0.664 
0.679 
0.683 
0.719 
0.708 
0.662 
0.78 
0.81 
0.84 
0.77 
0.76 
0.69 
0.75 
0.77 
0.73 
0.77 
0.81 
0.79 
19.88 
22.06 
25.12 
29.78 
33.39 
35.8 
35.42 
34.97 
33.31 
29.75 
24.8 
21.13 
0.245 
0.205 
0.205 
0.165 
0.164 
0.165 
0.175 
0.213 
0.215 
0.227 
0.238 
0.253 
 M. Nia et al. /  Energy Procedia  36 ( 2013 )  730 – 737 735
                     Table5. Models’ constants for Bechar and Tamanrasset 
 Bechar Tamanrasset 
 a b c d a b c d 
Model 1 1.067 -0.475   0.457 0.303   
Model 2 9.640 -21.857 13.315  -2.611 8.340 -5.248  
Model 3 -119.431 461.466 -589.568 250.510 63.314 -251.46 335.178 -148.331 
Model 4 0.601 -0.384   0.753 0.238   
Model 5 1.158 -0.211   0.393 0.137   
Model 6 0.788 -0.066 -0.075  0.713 0.056 -0.081  
Model 7 0.343 0.344 0.197  0.458 0.300 0.008  
Model 8 -0.216 0.827 0.122 0.472 0.813 0.040 -0.120 -0.272 
 
                   Table 6. Statistical parameters MBE, MAE, RMSE and R2 for Algiers and Bechar 
 
 
 
 
 
 
 
 
 
                    Table 7. Statistical parameters MBE, MAE, RMSE and R2 for Oran and Tamanrasset 
Figures 1 and 2 illustrate the measured global solar irradiation values and the estimated ones for the two 
sites of Oran and Tamanrasset using model 3 and for the sites of Algiers and Bechar using  model 8.  
 
Fig 1. Global solar irradiation measured and predicted with model 3 for Oran and Tamanrasset. 
Bechar Algiers 
R2 RMSE (%)  MAE (%) MBE (%) R2 RMSE (%) MAE (%) MBE (%)  
0.99 2.75 2.20 -0.08 0.99 4.34 3.33 -0.18 Model 1 
0.99 2.53 2.17 -0.06 0.99 3.92 3.28 -0.16 Model 2 
0.99 2.49 2.19 -0.06 0.99 3.64 3.08 -0.14 Model 3 
0.99 2.74 2.19 -0.08 0.98 4.63 3.74 -0.21 Model 4 
0.98 2.76 2.21 -0.08 0.99 4.17 3.20 -0.17 Model 5 
0.99 2.21 1.89 -0.05 0.99 3.30 2.56 -0.10 Model 6 
0.99 2.03 1.67 -0.04 0.99 3.79 2.84 -0.14 Model 7 
0.99 1.91 1.57 -0.04 0.99 3.10 2.43 -0.09 Model 8 
Tamanrasset Oran 
R2 RMSE (%) MAE (%) MBE (%) R2 RMSE (%) MAE (%) MBE (%)  
0.91 4.47 3.83 -0.20 0.98 4.75 4.18 -0.24 Model 1 
0.92 4.23 3.62 -0.18 0.99 4.50 3.47 -0.20 Model 2 
0.94 3.95 3.23 -0.16 0.99 4.50 3.45 -0.20 Model 3 
0.91 4.45 3.81 -0.20 0.98 4.60 3.92 -0.22 Model 4 
0.91 4.48 3.85 -0.20 0.98 4.88 4.36 -0.25 Model 5 
0.92 4.29 3.36 -0.19 0.98 4.73 4.11 -0.23 Model 6 
0.91 4.47 3.82 -0.20 0.98 4.59 3.93 -0.22 Model 7 
0.92 4.25 3.65 -0.18 0.98 4.51 3.77 -0.21 Model 8 
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Fig 2. Global solar irradiation measured and predicted with model 8for Algiers and Bechar. 
 
It is observed that root mean square error for all the models ranges between 3.10% and 4.88% for the 
considered sites.  Good agreement between the predicted and the measured values of global solar 
irradiation.  The coefficient of determination is greater than 0.98 for Algiers, Oran and  Bechar and not 
less than 0.91 for Tamanrasset. The peak of solar radiation occurs in June and July for Algiers, Oran and 
Bechar and in May to July for Tamanrasset. 
  4. Conclusion 
 
The monthly mean daily global solar radiation, relative sunshine duration, monthly average daily 
temperature and relative humidity have been used in this study to test several correlation equations. It was 
observed that for Oran and Tamanrasset model 3 has the highest value of coefficient of determination 
which gives good results when considering statistical parameters, MBE, MAE and RMSE.  
For Algiers and Bechar the highest value of coefficient of determination was obtained by applying 
model 8 that gives good statistical parameters. We judge that these two models could be employed in 
estimating global solar radiation in different Algerian locations and for location with same climatic 
characteristics. 
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